Abstract. Marine algae rely on currents and waves to replenish the nutrients required for photosynthesis. The interaction of algal blades with flow often involves dynamic reorientations of the blade surface (pitching and flapping) that may in turn affect nutrient flux. As a first step toward understanding the consequences of blade motion, we explore the effect of oscillatory pitching on the flux to a flat plate and to two morphologies of the kelp Eisenia arborea. In slow flow (equivalent to a water velocity of 2.7 cm s Ϫ1 ), pitching increases the time-averaged flux to both kelp morphologies, but not to the plate. In fast flow (equivalent to 20 cm s Ϫ1 in water), pitching has negligible effect on flux regardless of shape. For many aspects of flux, the flat plate is a reliable model for the flow-protected algal blade, but predictions made from the plate would substantially underestimate the flux to the flow-exposed blade. These measurements highlight the complexities of flow-related nutrient transport and the need to understand better the dynamic interactions among nutrient flux, blade motion, blade morphology, and water flow.
Introduction
Lacking the means to transport water actively, marine algae rely on currents and waves to move water over their surfaces, thereby replenishing the supply of nutrients required for photosynthesis. In areas of slow flow, the flux of nutrients to the algal blade can be a limiting factor in primary production (e.g., Gerard and Mann, 1979; Wheeler, 1980; Gerard, 1982; Koehl and Alberte, 1988; Koch, 1993; Gonen et al., 1995) , and it has been hypothesized that in some species (e.g., Macrocystis pyrifera, Macrocystis integrifolia, Eisenia arborea) the morphology of the blade has adapted to increase mixing (and consequently, flux) at low water velocities (Wheeler, 1980; Hurd et al., 1996; Roberson, 2001 ). The efficacy of these morphological adaptations has been debated (for reviews, see Hurd, 2000; Roberson, 2001) , and their effect in nature remains an open question.
The exploration of nutrient flux to marine algae has often involved a comparison of the mixing over algal blades to the mixing over a flat, rigid plate (Wheeler, 1980; Hurd and Stevens, 1997) . Flow over a smooth flat plate has been studied extensively by fluid dynamicists (through both theory and empirical measurements), and it indeed provides a handy model for the flow over an algal blade. It has been taken as evidence of adaptation if the flux to an alga is greater than that predicted for a flat plate of comparable size (e.g., Wheeler, 1980) . This comparison may not always be appropriate, however. The theory of flow relative to a smooth, flat plate (Schlichting, 1979) assumes that the plate is precisely planar, has a distinct leading edge, and has a width (perpendicular to flow) much greater than its length (parallel to flow)-criteria met by few algal blades. It is not surprising, then, that the flow over even smooth algal blades deviates substantially from the predictions of flat-plate theory (Koehl and Alberte, 1988; Hurd and Stevens, 1997) .
Simple boundary-layer theory also assumes that the plate is rigid and parallel to flow (Schlichting, 1979) , again criteria that few algal blades fulfill. Algal blades and stipes are flexible, and their interaction with flow often causes waves of deformation to pass through the stipe and blade. When the wavelength of this deformation is large compared to the length of the blade, the blade appears to pitch up and down (Gerard, 1982) . When the wavelength of deformation is equal to or less than the length of the blade, the blade "flutters" or "flaps" in a manner similar to a wind-blown flag (Koehl and Alberte, 1988; Hurd and Stevens, 1997) . These hydroelastic motions have long been thought to affect mixing over algal blades, and Koehl and Alberte (1988) have shown that flux to a Nereocystis blade increased when they forcibly flapped the blade. However, the hydrodynamic basis of a flap-induced increase in flux and its generality among algae have not been studied.
The dynamic reorientation of algal blades in flow, and the consequent effects on nutrient flux, pose exceedingly complex questions in fluid dynamics and structural mechanics. It is often advantageous in this type of situation to perform a series of preliminary laboratory experiments on simple models. These experiments may not be able to precisely duplicate the complexities of the natural world, but this disadvantage is offset by the ability to control and quantify the various parameters that might contribute to the phenomenon. Here we report on such laboratory experiments that explore the effects of dynamic blade reorientation on the flow-mediated flux to algal blades. Our intent is to draw attention to the potential importance of these effects, to introduce a method by which the effects can be quantified, and thereby to set the stage for future research in which the actual rates of nutrient flux can be measured under the natural conditions found in the wave-swept environment.
We compare the dynamic flux to models of two flowrelated morphologies of the kelp Eisenia arborea, and find that cyclic pitching indeed increases the flux to these blades. The effect is more substantial at low water velocities than at high water velocities. In addition to the measurements made on model kelp blades, a comparison is made between the flow around kelps and that around a flat, smooth, rigid plate. Flux to the flow-protected morphology of Eisenia (which is thought to be adapted to increase overall flux at low flow; Roberson, 2001 ) more closely resembles the flux to a flat plate than does the flux to the flow-exposed morphology. These measurements highlight the complexities of flowrelated nutrient transport and the need for further research if we are to understand the dynamic interaction among nutrient flux, blade motion, blade morphology, and water flow.
Materials and Methods
Eisenia arborea (Ruprecht) was collected near the Wrigley Institute of Environmental Science on Catalina Island, California. At this site, the kelp occurs in two distinct morphologies that are correlated with the maximal flow to which the alga is exposed (Roberson, 2001) . In relatively high-flow environments (mean velocity Ͼ 0.1 m s Ϫ1 ) E. arborea produces long, narrow, straplike blades that are characterized by rows of relatively low ridges and valleys oriented more or less parallel to flow (Roberson, 2001) . The valley-to-ridge height of these blades is about 1 mm, and the distance between ridges is about 5 mm. In contrast, in areas of low water velocity (mean flow Ͻ 0.03 m s Ϫ1 ), blades are short, wide, and triangular, and are characterized by relatively large-amplitude bullations ("bumps"; Roberson, 2001) . In this case, the valley-to-ridge height is about 2.4 mm and the ridge-to-ridge distance is 10 -20 mm. A representative blade of the flow-exposed morphology was obtained at a depth of 5 m and the flow-protected morphology at a depth of 20 m. Both blades were returned to the laboratory, blotted dry, sprayed with cooking oil, and cast in plaster. A sheet of copper foil (0.5 mm thick) was then pressed into the casts to form a rigid, thermally conductive model of each algal blade (Fig. 1 ).
Each copper model was sealed to a watertight jacket milled from a block of PVC ( Fig. 2A) . To minimize the effect of the jacket on the flow past the model, the upstream end of the jacket was recessed about 2 cm from the upstream end of the model and was beveled to make the jacket more streamlined. Water from a constant-temperature bath (Neslab Endocal model RTE 220) was rapidly circulated through this jacket to maintain the surface of the model at a constant temperature. Given this arrangement, the flux of heat to or from the model's surface is analogous to the flux of nutrients to or from the blade of an actual alga, and depends on the characteristics of the boundary-layer flow (Bird et al., 1960; Denny, 1993; Vogel, 1994) . These models thus provide a means for a quantitative exploration of the interaction between fluid flow and nutrient flux.
For convenience, experiments were conducted in air rather than in water. The shift from one medium to another is a common tool in fluid mechanics, and relies on the fact that the pattern of flow relative to an object remains constant across media if the Reynolds number, Re x , is held constant (Denny, 1993; Vogel, 1994) . Reynolds number (the ratio of inertial to viscous forces in flow) is Figure 1 . Tracings of the two Eisenia arborea blades used in this study. (A) the flow-protected morphology; (B) the flow-exposed morphology. The lines show the location of the midline of crests, and the dots show where heat flux was measured. In both blades, the proximal end of the blade is toward the bottom of the page, and flow is toward the top of the page.
where u is the velocity of the fluid relative to the object, x is a characteristic length (here taken to be the distance from the upstream end of the blade to the point at which flux is measured), and v is the kinematic viscosity of the fluid. In the terms of Denny (1993) and Vogel (1994) , this is a "local" Reynolds number. The kinematic viscosity of seawater at 20°C (a typical temperature for E. arborea at Catalina) is 1.06 ϫ 10 Ϫ6 m 2 s Ϫ1 , whereas the kinematic viscosity of air at 20°C (the temperature of the laboratory) is 15.1 ϫ 10 Ϫ6 m 2 s Ϫ1 (Denny, 1993) . Thus for a given x, the Reynolds number (and therefore the pattern of flow) is the same if u in air is 14.2 times that in water.
Experiments were conducted in a low-speed wind tunnel (Bell, 1993 (Bell, , 1995 ) with a working cross-section 60 cm square. Each model kelp was mounted in the center of the cross-section with its exposed surface down (to ensure that within the water jacket no bubbles were in contact with the copper foil) and its proximal end upstream ( Fig. 2A) . The pitch angle of the blade (its angle of incidence to the oncoming flow) was measured as shown in Figure 2B .
To mimic the presence of the narrow proximal end of the blade and the stipe, one end of a flexible strip of plastic was attached to the proximal end of the model blade. The other end of the plastic strip was attached to the ceiling of the wind tunnel. The width of the plastic strip was constant along its length and equal to the width of the model blade at its proximal end.
Each model was held in place by an aluminum frame that could be rotated about a horizontal axis perpendicular to flow (Fig. 3) . The pitch of models relative to flow could thus be varied as the frame rotated. In turn, the rotation of the frame was controlled by a linkage attached to a motordriven eccentric arm. The length of the eccentric arm was such that the pitch of the frame varied by about Ϯ20°as the motor turned. Through this arrangement, we caused the model to pitch up and down in flow in a pattern of motion roughly analogous to the dynamic reorientation of blades in nature. By varying the speed of the motor, we could vary the frequency of oscillation. In the absence of accurate measurements of pitching frequency in nature, an arbitrary range of frequencies (0.13, 0.20, 0.39, and 0.59 Hz) was used. The instantaneous angle of the frame was measured using a linearly variable differential transformer (LVDT, Schaevitz model 500HR) connected by a string to a capstan as shown in Figure 3A . The voltage output from the LVDT was recorded on one channel of a Kipp and Zonen BD112 potentiometric chart recorder.
For comparison, a rigid, smooth, flat brass plate (15.2 cm wide by 23.0 cm long by 0.05 cm thick) was fitted with a water jacket and mounted in the wind tunnel as for the blade Water at a constant high temperature was circulated through the water bath of each experimental model, and the flux of heat from the model was measured using a Micro Foil heat flux sensor (part number 20450-1, RdF Inc., Hudson, NH). This device is a small thermopile (about 1 mm square) mounted in a 12-mm long by 7.5-mm wide piece of thin insulating foil. The thermopile produces a voltage linearly proportional to the temperature difference between the faces of the foil, and thereby (through the thermal equivalent of Ohm's law) a voltage proportional to heat flux. Voltage was amplified and recorded on the second channel of the chart recorder. The heat flux sensor was held in good thermal contact with the blade by double-sided adhesive tape. According to the manufacturer, the time response of the sensor is about 0.01 s.
The temperature at the model's surface was measured with a 40-gauge thermocouple taped to the surface downstream of the heat flux sensor. Surface temperature was constant (within 0.5°C) through a series of measurements on a given model (that is, across pitching frequencies and between wind velocities), but among series (both within and among models) the temperature ranged from 45°to 50°C. Given the ambient air temperature of 20°C, the temperature differential between the models and the ambient air thus varied by as much as 20%. All other factors being equal, this variability in temperature differential could lead to variation in heat flux among the models of as much as 20%, and this potential variation is taken into account in comparisons among models as described in the Results. Repeated trials on the flat plate at the beginning and end of experimentation ensured that there had been no long-term drift in the meter's output.
We have not attempted to use the voltage records from the heat flux sensor to calculate the actual heat flux. If it were practical to measure absolute heat flux simultaneously with the temperature gradient adjacent to our models, we could (via Fick's 1st law of diffusion) calculate the turbulent thermal diffusivity (Denny, 1993) , and from the diffusivity we could estimate the rate of nutrient transport to kelp blades. Unfortunately, accurate dynamic measurements of the temperature gradient were not feasible, and in the absence of these measurements there is little advantage to calculating absolute heat flux. Instead, we report flux in arbitrary units (the amplified voltage output from the heat sensor) and confine our interpretation of the data to relative measurements: flux in one blade morphology relative to that in the other morphology, flux in kelp blades relative to that in a flat plate, and flux while pitching relative to flux while stationary.
For each object, the heat flux sensor was placed about 10 cm downstream of the "leading edge" (see the dots in Fig.  1 ). For the kelp models, distance was measured from the point of attachment of the flexible faux stipe. The flowprotected morphology of E. arborea is deeply bullate, and measurements were conducted both on the crest of a typical bullation and in an adjacent trough downstream. The crest was 10.5 cm from the leading edge, and the trough was 12 cm from the leading edge. The flow-exposed blade was also bullate, but the bullations were too narrow to allow reliable attachment of the heat flux sensor in a trough. As a result, measurements were conducted only on a crest 11 cm behind the leading edge. On the flat plate, the meter was installed 10 cm behind the leading edge.
Two wind velocities were used: 0.38 m s Ϫ1 (corresponding to a velocity of 2.7 cm s Ϫ1 in water and a local Reynolds number of about 2700) and 2.82 m s Ϫ1 (corresponding to a water velocity of 20 cm s Ϫ1 and Re x of 20,000). The lower velocity is in the Re x range at which photosynthesis in kelps may be limited by nutrient flux (Wheeler, 1980; Gerard, 1982; Hurd, 2000) . The higher wind velocity corresponds to a water velocity well above that at which nutrient flux is thought to saturate (about 6 -10 cm s Ϫ1 ; Hurd, 2000) , but is a velocity found commonly in the more flow-exposed sites inhabited by E. arborea. Wind velocity was measured upstream of the model, using a Kurz model 441S heated-probe anemometer. The turbulence intensity in the free-stream flow of the tunnel is low. The standard deviation of velocity is 0.7% of the mean at 0.38 m s Ϫ1 and 1.4% of the mean at 2.8 m s Ϫ1 . Turbulence intensity has not been measured in actual beds of Eisenia, so it is not known how the turbulence intensity in these tests compares to that in the field.
The axis about which each model pitched was not coincident with the heat flux sensor. As a result, the pitching motion of the model was associated with a tangential velocity that alternately added to and subtracted from the mainstream velocity (a situation that may also pertain to blades as they pitch in the field on the end of a flexible stipe). In each case, the maximum tangential velocity is
where ␣ is the amplitude of the pitching oscillation (0.362 radians), f is the frequency of the oscillation (in cycles per second) and R is the radial distance from the center of the axle to the sensor (see Table 1 ). At the maximum pitching frequency used in our experiments (0.59 Hz), tangential ). Experiments were conducted as follows. The heat flux was measured in nominally still air with the surface of the model horizontal. This flux value was subtracted from all subsequent values. In other words, the fluxes reported here are an estimate of the increase in flux associated with mainstream flow. (Even at zero mainstream velocity, some flow is induced by the buoyancy of air in contact with the heated model, and the associated flux would not be present in actual kelp blades.) The wind velocity was then brought to the appropriate value, and the pitch motor was turned on. The variation in heat flux was recorded for 25 cycles at one rate of pitch oscillation. The rate of oscillation was then changed, and flux was recorded for another 25 cycles. After the full range of oscillation frequencies had been used, flux was then measured at a series of 13-15 static angles spanning the full range of pitch. For each angle, the model was held stationary for about 30 s, and this measurement of static heat flux was recorded. At the end of this series of measurements, the heat flux in still air was again recorded to ensure that the output of the meter had not drifted.
Recordings were analyzed in two fashions. The average heat flux across several cycles of pitch was calculated for each model and wind velocity as a function of the rate of pitching. Averages were calculated from measurements (n Ϸ 50) of the instantaneous flux taken every 0.2 s. The corresponding average for an object with an infinite period of oscillation was calculated from the measurements of static flux by weighting each value at a given pitch angle (an average of 40 -65 measurements) by the relative time that the object would spend at that angle were the plate to pitch up and down sinusoidally. For example, when the pitch of a model is near its extreme, the rate of change of pitch is relatively slow, and the flux corresponding to these angles is maintained for a relatively long time. Consequently, these values are weighted heavily. In contrast, when the model is nearly horizontal, the rate of change of pitch is relatively large, and the flux corresponding to these angles is maintained for only a short time. These values are weighted lightly. The details of the calculation are given in the Appendix. The arrangement of the linkage and eccentric shown in Figure 3A is such that the pitch of the models is not exactly sinusoidal (to be precisely sinusoidal, the linkage would have to be infinitely long), but the deviation from sinusoidal fluctuation is negligible and has been ignored in these calculations.
To examine the instantaneous change in heat flux through the course of an individual pitch oscillation, a pitching frequency of 0.20 Hz was used and seven cycles were chosen from the middle of the record. In each of these seven cycles, the instantaneous heat flux was measured at times corresponding to a set of 13-14 angles spanning the full range of pitch angle. The average and standard deviation of the seven measurements at each angle provided an index of instantaneous flux ("dynamic" flux) and the variability in flux (an index of turbulence) at that angle. These measurements of instantaneous flux during oscillation could then be compared to static measurements in which the model was held fixed at a set of angles spanning the same range.
The statistical significance of differences between means of measurements (flux on a crest versus flux in a trough, flux to a plate versus flux to a blade, etc.) was determined using the Wilcoxon paired-sample signed-rank test, incorporating a Bonferroni correction in the case of multiple comparisons.
Results

Flux versus frequency: slow flow
Average flux at slow flow is shown as a function of pitch frequency in Figure 4 . All fluxes increased significantly with increasing pitching frequency (Table 2) , at least in part due to the tangential velocity of the model. Flux is on average higher on the crests of the flow-protected blade than in the troughs (P Ͻ 0.001); the ratio of the two fluxes is 2.7. If we assume that flux varies linearly between crest and trough, we can average these two values to estimate the overall flux across blade topography, and this value closely approximates the value for a flat plate.
Flux to the crest of the flow-exposed blade is higher than that to the crest of the flow-protected blade (P Ͻ 0.001); the ratio of fluxes is 1.6. These two sets of measurements were made with the models at the same surface temperature, so that none of this difference in flux can be accounted for by a difference in temperature differential between the models' surface and the ambient air. If we assume that the flux to the troughs of the flow-exposed blade shows the same ratio to the flux at the crest as that observed in the flow-protected blade, we can estimate an overall flux to the flow-exposed blade. This estimated average flux is higher than that to either the flat plate or the flow-protected blade (P Ͻ 0.001).
Flux versus frequency: fast flow
Flux in fast flow is shown as a function of pitch frequency in Figure 5 . At this high flow speed, fluxes do not change substantially with increasing pitching frequency, perhaps because the tangential velocity of the pitching model is such a small fraction of the mainstream velocity. Flux to the flat plate shows a statistically significant positive trend with increasing pitch frequency, while the average flux to the flow-exposed blade shows a statistically significant negative trend (Table 2) , but in neither case does the trend have a major effect on the overall flux.
Flux is again substantially higher on the crest of the flow-protected blade than in the troughs (P Ͻ 0.001); the ratio of fluxes is 2.4. If we again assume that flux varies linearly between crest and trough, we can average these two values to estimate the overall flux across blade topography. In this case, the time-averaged flux to the flow-protected blade is slightly less than that for a flat plate (P Ͻ 0.001).
Flux to the crest of the flow-exposed blade is again substantially higher than that to the crest of the flowprotected blade (P Ͻ 0.001); the ratio of fluxes is 2.5. If we assume that the flux to the troughs of the flow-exposed blade shows the same ratio to the flux at the crest as that observed in the flow-protected blade, we can again estimate an overall flux to the flow-exposed blade. This estimated average flux is substantially higher than that to either the flat plate or the flow-protected blade (P Ͻ 0.001).
In summary, flux increases substantially with increasing frequency of pitching at Re x ϭ 2700 but not at Re x ϭ 20,000. The flux to the flow-exposed blade is higher than would be predicted from a pitching flat plate, whereas the flux to the flow-protected blade could be predicted with reasonable accuracy from measurements on a flat plate.
Angle-specific flux: slow flow
Angle-specific flux to a flat plate in slow flow is shown in Figure 6 . The open circles refer to static measurements, and the vertical bars show the standard deviation of fluxes measured among cycles. Static flux is low and relatively constant for positive angles of pitch (that is, when the flux sensor is on the windward face of the plate, Fig. 2B ). The small standard deviations indicate that flow in the boundary layer adjacent to the flux sensor has a relatively low turbulence intensity at these angles of incidence. In contrast, fluxes at negative angles of incidence (with the sensor on the leeward face of the plate) are high and associated with relatively high turbulence intensities (evidenced by the large standard deviation among cycles). This turbulence (and the associated high flux) is probably due to the shedding of vortices from the leading edge. Measurements of instantaneous flux to the flat plate during pitching (filled circles, Fig. 6 ) show a different pattern. As pitch angle decreases from its maximum, the dynamic flux remains close to the static flux until the plate is parallel to flow (pitch angle ϭ 0). Whereas the static flux shifts to higher values at negative angles of incidence, the dynamic flux remains low through a considerable angle. The standard deviations associated with these low fluxes are small, indicating the lack of substantial turbulence. Only at the extreme negative angles used here (about Ϫ20°) does the dynamic flux increase to approximate that of the static flux. An increase in standard deviation (evidence of an increase in turbulence) is associated with the increase in flux at large negative angles. This pattern of flux at negative, decreasing pitch angles is probably due to the time required for turbulence to be established in the lee of the leading edge. As initially bound vortices begin to break down and are shed from the plate (in effect, as the plate "stalls"), the mixing in the vicinity of the flux sensor (and hence the flux itself) increases. A similar pattern of "delayed stall" has been observed in flapping insect wings at Reynolds numbers in the range of about 1000 to 7000, similar to the Reynolds number in this experiment (Re x ϭ 2700; for a review, see Ellington, 1984a, b) .
As the pitch angle reaches its negative extreme and begins to become more positive, the dynamic flux initially closely approximates the static flux: the flux is high in association with a large standard deviation. In contrast to the static flux, however, the dynamic flux during a positive rate of pitching remains high even at positive angles. As the angle continues to increase, the flux gradually subsides to match that of the static plate. The net result is that the flux during active pitching is sometimes lower and sometimes higher than that of a static plate, and the overall cyclic average is virtually identical between the static and dynamic cases: the ratio of dynamic flux to static flux for the plate is 0.98 (Table 3) .
At slow flow, the pattern of static flux to the crest of the flow-protected blade (Fig. 7A) is substantially different from that to a flat plate. Static flux generally increases with pitch angle (either positive or negative), and the standard deviation of fluxes among cycles at negative angle of incidence is much smaller than that seen for the plate. It seems likely that in the absence of a well-defined leading edge (due both to the presence of the "stipe" and the triangular shape of the blade), the shedding of vortices on the leeward face of the kelp blade is different from that on a flat plate.
In contrast to the static measurements, the pattern of dynamic fluxes measured on the flow-protected blade show a pattern that is in general terms similar to that of a flat plate (filled circles, Fig. 7A ). Flux is substantially below the maximum and relatively constant as pitch angle decreases, and flux is initially low even at negative angles of incidence. Flux and standard deviation of flux both increase at extreme negative angles as the angle decreases, and remain high as the blade begins to pitch back up. High fluxes are maintained during positive rates of pitching (even at positive angles up to 5°), decreasing thereafter to values near the static level.
The pattern of flux to the trough of the flow-protected blade is shown in Figure 7B , and is very similar to that of the crest, albeit at a substantially lower absolute value of flux.
The ratios of dynamic to static flux for the flow-protected blade are high-1.33 and 1.44 for the crest and trough, respectively-due in large part to the low flux values measured for the static blade. In summary, when the flow is slow, the flow-protected blade appears to receive a substantial increase in average flux if its pitch angle oscillates. The pattern of flux at Re x ϭ 2700 for the flow-exposed blade is more complex than that of the other models (Fig. 8) .
Static flux (open circles) is very low when the blade is parallel to flow (lower than the small-angle values for either the plate or the flow-protected blade), but increases with increasingly positive angle of pitch to values higher than those for the other models. (The surface temperature during this series of measurements was 8% higher than the comparable measurements for the flow-protected blade, but this difference in temperature differential between surface and ambient temperature is not sufficient to account for the difference in flux between models.) The standard deviation of flux to the flow-exposed model is relatively small at positive angles, indicative of suppressed turbulence. Static flux initially increases steeply with increasingly negative pitch angle (again to values high relative to the other models), but reaches a peak at about Ϫ15°, decreasing sharply thereafter. This decrease in flux at extreme negative angles is associated with an increase in standard deviation. An explanation for this anomalous negative correlation between flux and turbulence at high negative angles is not readily apparent. It should be kept in mind, however, that the width of this blade is small relative to its length, and as a consequence there is substantial potential for three-dimensional flow in the vicinity of the heat-flux sensor. At large angles of incidence, eddies may curl around the sides of the blade with unpredictable effects.
The pattern of dynamic flux to the flow-exposed blade is for the most part similar to that discussed above for other models. As the blade pitches down from its positive extreme, the flux gradually decreases and remains low until extreme negative angles of incidence. The flux then remains high as the blade pitches back up. In this case, however, the flux associated with a positive rate of pitching is relatively low at positive angles of pitch. Again, low flux values are often associated with high standard deviations of flux among cycles.
At this slow flow, the crest of the flow-exposed blade receives a relatively minor benefit from flapping. The ratio of dynamic to static flux is 1.18, apparently less than that for the crest of the flow-protected blade (1.33, Table 3 ), although we have not attempted to attach a level of statistical confidence to the difference of these ratios.
Angle-specific flux: fast flow
Flux to our models at a local Reynolds number of about 20,000 is much higher than at Re x ϭ 2700 and shows a simpler pattern of variation across angles. For example, the static flux to a smooth, flat plate (open circles, Fig. 9 ) is lowest at the maximum positive angle of incidence and increases monotonically with decreasing pitch angle. The abrupt increase in both flux and standard deviation of flux seen near 0°in slow flow (Fig. 6) is absent in this caseturbulent mixing gradually increases as pitch angle decreases. The cyclically averaged static flux at Re x ϭ 20,000 (16.95) is about 4.5 times that at Re x ϭ 2700 (3.74).
Dynamic flux to the flat plate during decreasing pitch angle is virtually identical to the static flux (filled circles, Fig. 9 ). When pitch angle is increasing, dynamic flux is slightly higher than static flux, although the difference between the two is never large. The average dynamic flux at high flow (19.40) is about 5.3 times that at low flow (3.65). The ratio of dynamic to static flux for the flat plate at high Re x is 1.15, compared to 0.98 for the same plate at lower Re x (Table 3) .
In summary, at a Reynolds number of 20,000, where boundary-layer turbulence intensity is expected to be relatively large, flux to a flat plate is relatively high. The higher the angle of incidence, the lower the flux.
Flux to a crest of the flow-protected blade is shown in Figure 10A . Static flux varies little with angle of incidence, showing slightly elevated values at the pitch extremes and for a small range of angles near 0°. The cyclic average static flux at Re x ϭ 20,000 (23.52) is about 2.7 times that at Re x ϭ 2700 (8.59). Dynamic flux to the crest (filled circles, Fig.  10 ) varies little with pitch angle. The dynamic flux at high local Reynolds number (25.47) is about 2.5 times that at lower Re x (10.2). The ratio of dynamic to static flux at high Re x is 1.08, apparently less than that at lower Re x (1.33), although we have again not attempted to attach a level of statistical confidence to the difference of these ratios.
Both static and dynamic flux to a trough of the flowprotected blade (Fig. 10B ) vary little with pitch angle. Dynamic flux (filled circles) is slightly higher than static flux (open circles) at negative angles of incidence, but the difference is small. Flux to the trough at Re x ϭ 20,000 is higher than that at Re x ϭ 2700; 8.59 compared to 1.19 (a ratio of 7.2) for cyclic average static flux, 10.20 compared to 1.71 (a ratio of 6.0) for dynamic flux. The ratio of dynamic to static flux for the trough at high Re x is 1.19, apparently less than the comparable ratio at lower Re x (1.44).
The angle-specific pattern of flux to the flow-exposed blade at Re x ϭ 20,000 is similar to that of a flat plate at lower Reynolds number (Fig. 11) . Static flux (open circles) is low for large, positive angles of incidence (Ͼϩ5°), and there is a jump to higher fluxes at negative angles of incidence. Dynamic flux shows the same sort of "hysteresis" seen in the flat plate at Re x ϭ 2700. When the angle of incidence is decreasing, dynamic flux at positive pitch angles is similar to static flux, but is lower than static flux for negative angles of incidence. When the angle of incidence is increasing, dynamic flux at negative pitch is similar to static flux, but is greater than static flux for positive angles of incidence. The reason for the similarity of the flux pattern between the flow-exposed blade at high Re x and the flat plate at low Re x is not readily apparent. High flux values for the blade are not associated with high standard deviations of flux. Thus, the explanation invoked for the flat plate at low Re x (temporal hysteresis in the creation and subsequent dissipation of turbulence in the plate's wake) is unlikely to apply to the flow-exposed blade.
Cyclic average static flux to the flow-exposed blade at Re x ϭ 20,000 (52.45) is about 7.3 times that at Re x ϭ 2700 (7.16). Dynamic flux at high Re x (53.60) is 6.4 times that at lower Re x (8.43). The ratio of dynamic to static flux at high Re x is 1.02 for the flow-exposed blade, apparently slightly lower than that at Re x ϭ 2700 (1.18), although we have again not attempted to attach a level of statistical confidence to the difference of these ratios.
Overall flux versus static angle
In steady, unidirectional flow, a kelp blade may be oriented at a fixed pitch angle. In this case, the overall flux to the blade can be estimated from our measurements as the sum of the static flux to the blade's upstream and downstream faces at that angle relative to flow. That is, for a fixed pitch angle of 5°, we sum our measured static fluxes for ϩ5°( representing the upstream face of the blade) and Ϫ5°( representing the lee side of the blade). Values for overall static flux to a blade are shown in Figure 12 for the range of angles used in our experiments. In some cases, we have interpolated between measured values to estimate the flux at the specified angles. At Re x ϭ 2700 (Fig. 12A) , overall flux to a flat plate is low at zero angle of incidence but constant at a somewhat higher value for angles between 5°and 20°. Overall flux to the flow-protected blade (a linear average of crest and trough) increases with increasing angle, but is always less than or equal to that to a flat plate. Thus, at fixed angles of incidence, the morphology of the flow-protected blade does not appear to provide any advantage over that of a smooth, flat plate. The estimated overall flux to the flowexposed blade (calculated using the same crest/trough ratio as for the flow-protected blade and a linear average of crest and trough values) increases with increasing angle of incidence; it is lower than that for a flat plate at low angles, higher at high angles.
At a local Reynolds number of 20,000, the overall fluxes to the flat plate and the flow-protected blade vary little with the angle of incidence, and the two fluxes are virtually identical (Fig. 12B) . Again, the morphology of the flowprotected blade does not appear to provide any advantage relative to a flat plate. At high Re x , the estimated overall flux to the flow-exposed blade (calculated used the crest/trough ratios for the flow-protected blade and a linear average) is about twice that of either the flow-protected blade or the flat plate, and it decreases slightly with increasing angle of incidence. In summary, at Re x ϭ 2700, it appears to be advantageous for any of our models to have a nonzero static pitch angle. At least up to a pitch of 20°, the higher the static angle of a kelp blade, the greater the estimated overall flux. At Re x ϭ 20,000, the static angle of incidence has little effect on overall flux.
Discussion
Four conclusions can be drawn from these results:
At a relatively low local Reynolds number (2700),
dynamic pitching can indeed increase the flux to algal blades. Thus, in the slow flows where nutrient flux can potentially limit blade growth, dynamic pitching may be advantageous. It is important to note, however, that the experiments conducted here on rigid models are at best a rough approximation of the dynamic pitching that flexible blades undergo in nature and an even rougher approximation of the flapping and flutter that can occur within a blade. In actual blades in the field, orientation responds to the flow itself, and the flow simultaneously responds to the blade. In our experiments, this interaction is one-way-pitch is imposed and the flow is forced to respond. As a result, extrapolations from the measurements made here should be made with caution. Furthermore, it is an open question as to how widespread flapping and flutter are in algal blades. In their laboratory study of 10 species of kelps, Hurd and Stevens (1997) reported flow-induced motions of blades in velocities as low as 0.5-1.5 cm/s, but they also noted that flapping was more common at velocities greater than 5 cm/s. Accurate measurement of the frequency and angle of blade pitching in the field has not been attempted for any kelp. (20, 000) , dynamic pitching has very little effect on flux. Similar results have been obtained for the leaves of terrestrial plants flapping in wind (Parlange et al., 1971) . However, it seems unlikely that this lack of flappinginduced enhancement of flux at high Reynolds numbers will have substantial biological consequences. Even in low-nutrient water, kelps are able to extract sufficient nutrients when flow is greater than 5-10 cm s Ϫ1 (equivalent to a local Reynolds number of 5000 -10,000 in the experiments conducted here; Wheeler, 1980; Gerard, 1982; Hurd, 2000) . As a result, nutrient limitation may not be a factor for Reynolds numbers at which flapping does not affect flux.
At a relatively high local Reynolds number
At low local Reynolds numbers, the angle of attack
can have a large effect on flux to algal blades. This effect was seen in all three models here (Fig. 12A) , although it is most evident in the flow-exposed morphology (Fig. 8) . This effect can color the conclusions drawn regarding blade morphology. For example, near zero pitch angle, the flow-exposed morphology has a lower flux than the wave-protected morphology, and one might conclude that the deep bullations of the flow-protected blade have afforded a selective advantage. This conclusion is in accord with experiments carried out in the field (Roberson, 2001) : in areas where the nutrient content of the water is low, flowexposed plants transplanted to flow-protected sites wither and die while adjacent flow-protected plants thrive. Roberson (2001) suggests that this effect is due to differential flux of nutrients to the two morphologies. However, our measurements in slow flow suggest that for an angle of incidence as little as Ϯ5°, the flow-exposed morphology has a flux equal to or higher than that of the flow-protected blade. Thus, unless blades in slow flow are oriented precisely parallel to flow, the measurements made here are at odds with the inferred nutrient uptake. As noted above, the angle of incidence of blades in the field has not yet been accurately measured (for this or any other species), and the experiments reported here suggest that these measurements should be an important consideration in future studies.
A flat plate is often not an appropriate analogue to an
algal blade. For example, at a Re x of 2700, the dynamic flux to a pitching flat plate is roughly the same as the cyclic-average static flux (Table 2) ; based on this evidence, one might predict that dynamic pitching of algal blades has little if any effect on nutrient transport in slow flow. In fact, direct measurements on model blades show that in slow flow the dynamic flux is substantially larger than the cyclic average static flux. In another example (Fig. 12B) , in fast flow the static flux to a flat plate is very similar to the static flux to the flow-protected blade, whereas the flux to a flat plate is substantially less than that to the flow-exposed blade. It appears that only after direct measurements have been made on both a blade and a plate can we know whether the plate is an appropriate model. If this is true, the utility of the flat plate as an experimental proxy is severely limited.
Caveats
These conclusions should be viewed with caution for several reasons.
1. We have measured heat flux at only one small range of distances from the upstream edge of the blade, only near the blade's center line, and on only one representative blade of each morphology. Thus, it would be rash to extrapolate from our results to more general conclusions. Much work remains before the precise overall pattern of flux to even these particular models will be known (especially, its three-dimensional na-ture), and more work still before we can accurately generalize our findings to different morphological groups within the species. Only when these more robust findings are in hand will we be able to compare the selective pressures that accompany morphological effects on nutrient flux in Eisenia. 2. The flux values reported here have been measured relative to the flux at zero mainstream flow. However, as noted, this zero-flow flux includes the free-convective flux due to the buoyancy of air induced by the heated model. In making our calculations, we have implicitly assumed that the free-convective flux remains constant when a mainstream flow is applied. In fact, forced convection may interfere with the free convection, and in that case the values recorded here may underestimate the actual flux to our models. In essence, forced convective interference might result in a downward shift in the abscissa of Figures 4 -12 . However, such a shift (if necessary) would have minimal impact on the conclusions drawn here. The ratios we cite between flapping and stationary blades would be closer to 1 than we have calculated, but all other comparisons would be unaffected. Accurate measurement of the effect of forced convection on the flux due to free-convection will be tricky, and we have not attempted it here. 3. Our measurements were conducted at a low level of ambient turbulence. It is not known how this level compares to that in the field, and we have made no attempt to explore how variation in turbulence could affect the dynamics of flux. It seems likely that such an exploration will be a productive, although complex, area for future research. Turbulence in a bed of Eisenia may vary drastically from one location to another (at least in part due to the turbulence caused by vortex shedding in the wakes of upstream kelps) and from one time to another as waves pass overhead. Considerable work will be necessary to determine how this temporal and spatial variation is coupled to the dynamics of blade reorientation and nutrient flux.
Although the measurements we report here are only a step toward understanding the complex interaction of algal blades with flow, they highlight the necessity for more thorough experimentation. In particular, simultaneous measurements of flow-induced blade motions and instantaneous flux (perhaps using the field-deployable shear-stress transducers of Gust, 1988) will be invaluable in the interpretation of flow-related blade morphology.
